To reduce emissions and protect environment from pollution caused by volatile organic compounds (VOCs) and CO, catalytic oxidation can be applied as an efficient and promising technique. This review provides a novel and facile strategy to synthesize spinel-type and non-spinel-type transition metal oxides (TMOs O 4 ) TMOs have been prepared using pulsed spray evaporation chemical vapor deposition approach (PSE-CVD). PSE-CVD offers several advantages over conventional methods, such as relatively low cost, simplicity and high throughput, which makes it a promising strategy. Moreover, the PSE delivery system allows using less stable precursors and permits improving the reproducibility of the film properties with tailored compositions. The above listed TMOs prepared by PSE-CVD were successfully tested as catalysts toward the complete oxidation of some real fuels such as CO, C 2 H 2 , C 3 H 6 , n-C 4 H 8 and C 2 H 6 O as representatives of VOCs and industrial exhaust streams. The active TMOs explored in this review could be potential catalysts candidates in one of the research areas that are currently under scrutiny, as the battle for the future of energy and environment involves the generation and application of clean energy.
Introduction
Volatile organic compounds (VOCs) are widely recognized as the major contributors to the global air pollution [1] . VOCs are composed of a variety of substances, which may be either natural or of anthropogenic origin from different human activities such as transportation and many factories or industrial processes including chemical, power and pharmaceutical plants, gas stations, petroleum refining, printing, food processing, automobile, as well as textile manufacturing [2] . The volatility of the emission from the above-listed sources enables them to diffuse more or less away from their place of issue, thus causing direct and indirect impacts on human health, animals and nature. In recent years, with the rapid increase of population, industrialization, transportation and urbanization, extremely severe and persistent haze pollution has been frequently observed in developing countries. For example, by 2020, VOCs emissions are predicted to increase by 49% relative to 2005 levels in China [3] . Therefore, in addition to the increasingly stringent controls for VOCs emissions level, it is urgent to develop and apply approaches to accelerate the reduction in VOCs emissions which is also vital in the context of climate change.
VOCs include a wide range of compounds such as aromatic and aliphatic hydrocarbons, alcohols, ketones, aldehydes, which are not easy to be oxidized. Abatement by catalytic oxidation appears to be a preferable technique compared to the thermal incineration in reducing VOCs. In fact, thermal oxidation is known to be expensive since it requires a substantial energy input to destroy dilute gas phase containing VOCs at relatively high temperature (750°C) which favors the formation of toxic by-products. In contrast, catalytic oxidation allows operating at much lower temperatures (200-500°C) and leads to none or negligible NO x formation in the combustion chamber. More importantly, catalytic oxidation can destroy VOCs and convert them into harmless CO 2 and H 2 O [4] . In addition, the selectivity of catalytic oxidation could be well controlled. However, to achieve deep oxidation at mild temperature, highly active, nonselective and stable catalysts for extended periods of time are required.
Nowadays, the selection of catalyst for various organic pollutants abatement has been the subject of many studies, although the optimization of catalyst formulation does not appear to be an easy task. Noble metals and transition metal oxides (TMOs) have been widely explored in most commercial applications [5] [6] [7] [8] [9] [10] [11] . Noble metals are very active at low temperature, but their use is limited due to the high price, low thermal stability and tendency to poisoning [12] . In contrary, TMOs are considered as suitable alternatives because of higher thermal stability and lower price [13] . Among TMOs, single and mixed oxides, such as manganese and cobalt oxides, perovskites, zirconia-based catalysts, have been claimed for their effectiveness in VOCs oxidation [14] [15] [16] [17] [18] [19] . In particular, Co 3 O 4 -based catalysts, which have been studied several decades ago regarding the high activity for CO and VOCs oxidation [20] [21] [22] , have received again considerable attention in the recent years [23] [24] [25] [26] [27] [28] . However, the physico-chemical and catalytic properties of TMOs thin films can be modulated with respect to the morphology, surface and bulk composition as well as metallic ratio, which are strongly dependent upon the preparation approaches and experimental conditions [29] [30] [31] [32] . Thus, suitable synthesis route for the deposition of thin films of high purity and crystallinity is urgently needed.
In recent years, great efforts have been made to the development of efficient TMOs synthesis methods, including sol-gel [33] , thermal decomposition [34] , hydrothermal synthesis, electrodeposition [35] and pulsed spray evaporation chemical vapor deposition (PSE-CVD) [23] [24] [25] [26] [27] [28] . Among these techniques, PSE-CVD shows the benefit of being a reliable one-pot method for the growth of complex oxides with controlled composition, since most of the functional oxides contain more than two elements in their structures and further tuning of their properties requires controlled doping ratio. The strategy of using multiple precursors in a single liquid feedstock and its combination with PSE-CVD have been proved to be a rationally controllable route for the growth of functionally mixed oxides such as spinels and perovskites [36] . In addition to complex oxides structures, PSE-CVD synthesis route offers also the potential to produce nano-scale layers of pure metals, metal carbides as well as alloys, which presents a large variety of potential applications.
In this review, we mainly focus on the progress made in the deposition of single and binary metal oxides-containing thin films using gas-phase processes namely PSE-CVD for complete catalytic oxidation of CO and VOCs operating at low temperature generally below 500°C or even at much lower temperature. Following a general introduction, a brief recall of the mechanisms involved in the catalytic oxidation over TMOs is described. The main sections deal with catalytic oxidation of VOCs over single and mixed TMOs followed by remarks and perspectives. We examined several typical metal oxides that are widely studied as the essential components for catalytic oxidation of CO and VOCs and explored the effect of some important influencing factors such as the redox properties, composition, doping, film morphology and the particle size of the metals oxides. The specific mechanisms involved in the catalytic activity process toward low-temperature VOC oxidation are discussed.
Reaction mechanisms with TMOs
Oxides-type catalysts made of transition metals are well known to selectively catalyze a large number of chemical processes. Most often, these oxides are used in the form of powder or supported thin film for oxidation reactions in the chemical industry or in automotive emission control. Although low-temperature catalytic oxidation of CO was intensively studied and the mechanism has been well addressed, it is still difficult to extend the results obtained from this reaction to catalytic oxidation of VOCs due to the different properties of pollutants and reaction conditions [37] . Depending on the partial reaction order, different reaction mechanisms have been proposed for CO and VOCs oxidation. First, the Langmuir mechanism states that the reaction occurs via the so-called Eley-Rideal (ER) process in which the reaction proceeds via a collision between an impinging gas-phase molecule and an adsorbed species, the controlling step being the reaction between an adsorbed molecule and a molecule from the gas phase [38] . The ER process for simple molecule such as CO can be schematically represented in Scheme 1. Second, the Langmuir-Hinshelwood (LH) mechanism indicates the reaction happens through interactions among the adsorbed molecules, radicals or fragments of the reactant molecules [39] (see Scheme 2). According to LH, the controlling step is the surface reaction between two adsorbed molecules on analogous active sites. Finally, the Mars-van Krevelen (MvK) mechanism [40] points out the lattice oxygen enters the reaction sequences, caused an oxidation-reduction sequence in the reaction of the reactant molecules and oxygen on different redox sites as schematically represented in Scheme 3. This mechanism has been widely accepted and used for the oxidation of a series of organic compounds. , it has been widely demonstrated and recognized that the determinant factors affecting their activities and performances toward complete oxidation of CO and VOCs are the formation of highly active oxygen species activated by the oxygen vacancies in addition to the close relationship between redox properties, oxygen vacancies and the bulk oxygen mobility through the Mars-van Krevelen (MvK) mechanism. In general, the MvK mechanism can proceed in two successive steps in terms of the cyclic reaction, namely the transfer of the bulk oxygen ions to the surface sites being the first step for the decomposition of bulk oxides and then the recovering of the bulk oxide. In this first step, oxygen vacancies on the catalyst surface are reduced as they react with the organic molecules. Therefore, the presence of surface oxygen vacancies plays a crucial role in the decomposition of bulk oxide. In the second step, the preformed reduced site is immediately regenerated through the consumption of gaseous oxygen or the transfer of oxygen atoms from the bulk to the surface, that is, the oxygen molecules compete with the bulk lattice oxygen for the surface oxygen vacancies, resulting in the inhibition of the bulk oxide decomposition process [41] . Since the catalyst is reduced in the first step and then reoxidized in the second step, this mechanism is also known as the redox mechanism.
Tailored synthesis, characterization and application of single and binary oxides
The most active oxides frequently used are made of Ag, V, Cr, Mn, Fe, Co, Ni and Cu [42] . In fact, these n-type and p-type metal oxides are generally active catalysts (particularly p-type) for deep oxidation since they are electron-deficient in the lattice and conduct electrons by means of positive "holes" [37] . In addition, the adsorbed oxygen species generally observed at their surfaces might participate in the reaction sequences together with the lattice oxide ions to improve the catalysts' performances. Therefore, numerous investigations on the development of TMOs catalysts are mainly focused on this type of oxides. [46] have been prepared via PSE-CVD and successfully tested as active catalysts toward total oxidation of some real fuels such as CO, C 2 H 2 , C 3 H 6 , n-C 4 H 8 and C 2 H 6 O as representatives of industrial exhaust stream or VOCs. Among these oxides mentioned above, a few of them seem to be particularly promising.
CO and VOCs oxidation over PSE-CVD made single oxide catalysts

Cobalt oxide with spinel structure
Cobalt oxide has a spinel structure and its formula can be written as CoO [47] . Spinel Co 3 O 4 has been used broadly and successfully for the destruction of CO and hydrocarbons compounds [48] and is claimed to be one of the most active catalysts in destruction of these compounds. The performances of some Co-based catalysts seem to be comparable to some noble metal catalysts. The high activity of Co 3 O 4 is likely to be related to the relatively low enthalpy of vaporization (ΔH vap ) of O 2 [47] . Therefore, the Co-O bond strength of Co 3 O 4 can affect desorption of lattice oxygen [49] . For example, CO frequently seems to react with pre-adsorbed or lattice oxygen to give CO 2 , which may further react to form surface carbonate species.
Kouotou et al. have studied the total oxidation of C 3 H 6 and CO over PSE-CVD made spinel Co 3 O 4 deposited on stainless steel grid mesh [23] and the as-deposited Co 3 O 4 catalysts exhibited good activity compared with the reaction over non-coated mesh (NCM) as blank experiment (see Figure 1) . The total conversion of the investigated compounds to CO 2 was obtained respectively at around 380°C for C 3 H 6 and 350°C for CO, which gives an obvious temperature shift relative to the NCM. This result shows that Co 3 O 4 prepared by PSE-CVD was active for total oxidation of CO and C 3 cations and oxygen vacancies were suggested to act as active sites for the oxidation process and are key parameters governing catalytic process during the total conversion rate of CO and C 3 H 6 . 
Hematite
Hematite, known as iron oxide (α-Fe 2 O 3 ), has been extensively studied because of its excellent chemical stability, natural abundance, low cost, relatively nontoxic and environmentally benign [50] . As an important precursor, α-Fe 2 O 3 is the most stable iron oxide phase, featuring some unique properties such as n-type semiconductor and magnetic as well as corrosion-resistant properties [51] . [53] who evaluated the possible application of iron catalysts for automotive emission control. Despite the promising results, α-Fe 2 O 3 has been scarcely tested as catalyst for the abatement of CO and VOCs. Recently, α-Fe 2 O 3 thin films have been selectively prepared by PSE-CVD approach and successfully tested against the low-temperature catalytic oxidation of CO and propene. As a reference, the reaction was first performed on NCM in the temperature range of 180-950°C. An identical mesh coated with 20 mg α-Fe 2 O 3 was then tested under the same inlet gas conditions, but raising the temperature only to 500°C, which is the lattice stability temperature limit of α-Fe 2 O 3 [54] . In the presence of α-Fe 2 O 3 , the conversion of CO started at ∼220°C and complete conversion occurred at 398°C, while these values were shifted to ∼300 and 930°C on NCM, respectively (see Figure 2) . It should be mentioned that the reusability of the obtained α-Fe 2 O 3 films and reproducibility of their catalytic performance were satisfactory within experimental uncertainty. The obtained results were compared to results reported by Walker et al. [53] . Two samples (S1 and S2) prepared at the same conditions were tested. First run and 2nd run are the catalytic tests performed for the first and second time, respectively. The performance for NCM is included as a reference. Reproduced from [55] with permission. Copyright 2013, Elsevier.
The reaction mechanism involved in CO oxidation over various Fe 2 O 3 surfaces has been widely discussed in the literature [56] [57] [58] . As an example, a suprafacial mechanism describing the oxidation of CO over hematite has been proposed by Kandalam et al. [57] and was suggested to be applicable to the catalytic reaction with PSE-CVD made hematite [55] . According to Kandalam et al. [57] , CO molecule first adsorbs onto hematite, weakening a Fe-O bond near the crystal surface and then, a second CO molecule adsorbs and forms CO 2 by breaking the weakened Fe-O bond [57] . As hematite films are composed of a bulk and surface region on which active adsorption sites exist, part of these sites could be occupied by trapped oxygen atoms, which can originate either via dissociation of adsorbed oxygen during the oxidation reaction or via diffusion from the lattice to the surface. In addition, the number of surface iron atoms with which the adsorbed O 2 can interact was earlier reported to play a significant role [59] .
Besides CO oxidation, deep oxidations of C 3 H 6 have been achieved at low temperature over a series of α-Fe 2 O 3 thin films coated at different temperature on stainless steel. The effect of the deposition temperature on the film morphology and redox properties has been systematically investigated and their influences on the catalytic oxidation of C 3 H 6 have been clearly demonstrated [54] . Since the samples presented different redox behavior that is the temperatureprogrammed reduction (TPR), oxygen states distribution (lattice and adsorbed) obtained by the X-ray photoelectron spectroscopy (XPS) and morphology by helium ion microscopy (HIM, see Figure 3 ) [54] , the catalytic tests were performed for all samples. The objective was to investigate these effects on the catalytic properties. To analyze the catalytic behavior after reoxidation as a prerequisite for application in consecutive cycles, the catalytic conversion of C 3 H 6 was carried out both before and after pretreatment of the catalyst under oxygen flow. This was done because of the large amount of adventitious carbon, C-O and O-C=O type moieties detected at the surface of the samples prepared at 400 and 450°C (see Table 1 and Figure 3 ) would be expected to limit their performance by forming a barrier layer between the active sites of the catalysts and the reactant molecules. The catalytic tests on fresh samples were performed over catalysts prepared at 350 and 450°C which present the lowest and the highest concentration of carbonaceous species, respectively. In addition, all pretreated samples were used at least twice in the catalytic tests to assess the reproducibility, as shown in Figure 4 . Figure 4 displays the light-off curves of C 3 H 6 conversion obtained with α-Fe 2 O 3 fresh samples ( Figure 4a ) and with α-Fe 2 O 3 pretreated samples (Figure 4b) . With fresh samples, catalyst (CAT) prepared at 350°C (CAT 350 ) with lower adsorbed species presents better performance than CAT 450°C . For each sample, the conversion begins at around 250°C. Temperatures for 10, 50 and 90% C 3 H 6 conversion were presented for fresh and pretreated samples. The film prepared at 350°C was the most active one regarding the conversion profile as a function of temperature, followed by the films obtained at 400 and 450°C, respectively ( Table 1) . The experiments were repeated and the results were reproducible (Figure 4b) Reproduced with permission from [54] . Copyright 2013, the Royal Society of Chemistry. Reproduced with permission from [54] . Copyright 2013, the Royal Society of Chemistry. To identify the phenomenon governing the difference in activity between the three catalysts, a correlation between the catalytic behavior and the α-Fe 2 O 3 characterization results was made [54] . XPS results revealed the presence of both adsorbed and lattice oxygen ( Figure 3B ). The Oadsorbed/Olattice ratio of CAT 350 was the lowest among the three samples [54] . The catalytic tests over fresh and pretreated samples reveal the negligible role of the adsorbed oxygen, suggesting that the lattice oxygen plays a key role in the reaction sequence. This was corroborated by the TPR experiments, as shown in Figure 3A . In addition, it has been observed by Xie et al. [60] and Wang et al. [61] that the morphology or the crystal plane of metal oxides nano-crystal can remarkably alter their catalytic performance. As revealed by the HIM analysis, the film morphology of PSE-CVD made hematite was found to be significantly dependent on the deposition temperature (see Figure 3C ). The increase of the preparation temperature leads to a variation of film morphology, which is responsible of the increase of the grain size. The grain size is one of the most crucial factors that determine the catalytic performances of catalysts. It is known that the smaller the grain size, the larger the specific surface area. Therefore, it was assumed that CAT 350 with the smallest grain size and fine crystal structure possesses the largest specific surface area. This argument was consistent with the experimental observation that CAT 350 presents the best performance.
OL (%) OH
Based on the TPR, XPS and HIM results, the possible oxidation mechanism of C 3 H 6 over the as-prepared catalysts was suggested to follow a Mars-van Krevelen (MvK) mechanism, an intrafacial mechanism which involves migration of bulk oxygen to the surface, where it participates in the reaction with the reactant and replacement of bulk oxygen by oxygen from the gas phase [62] . Previous investigations have pointed out that this mechanism is valid in the combustion of hydrocarbons over transition metal oxide catalysts [63] . Also, catalytic combustion of C 3 H 6 over Co 3 O 4 has been reported by Liotta et al. [10] to proceed with the MvK mechanism.
Manganese oxides
Considering the low toxicity and availability, manganese oxides have attracted great attention among the various different transition metal oxides. Besides its unique physic-chemical properties, high activity and durability, they were extensively studied as catalysts [64] [65] [66] . 2 , which was closely correlated with the oxygen mobility on the catalyst [68] . Following the same logic, an investigation of the role of lattice oxygen in catalytic activity of manganese oxides toward the oxidation of ethanol, ethyl acetate and toluene has been performed by Santos et al. [69] . The results indicate that Mn 3 O 4 improves catalytic performance due to the increased reactivity and mobility of lattice oxygen. In a recent paper, Tian et al. [43] have reported that Mn 3 O 4 is a highly stable and active catalyst in many respects comparable to conventional catalysts based on noble metals. The catalytic performance was investigated with respect to the total oxidation of CO and C 3 H 6 at atmospheric pressure. The full comparison of the reactants and products is given in Figure 5 . [43] . Moreover, the temperature at 50% (T 50 ) of CO conversion was observed at 271°C, demonstrating that Mn 3 O 4 prepared by PSE-CVD is highly active in the deep oxidation of CO. . Reproduced with permission from [43] . Copyright 2013, American Chemical Society.
It was also observed that the conversion of C 3 H 6 on Mn 3 O 4 ( Figure 5, a 3 ) becomes detectable at 220°C and conversion of C 3 H 6 approaches 100% at 433°C. However, the oxidation of C 3 H 6 on NCM starts at ∼290°C and a temperature as high as 821°C (Figure 5b 2 , b 3 ) was required for complete conversion of C 3 H 6 . More importantly, at low C 3 H 6 conversions, the main product is CO 2 , but a trace of CO peaking at 769°C (Figure 5b 2 ) was formed on NCM, which results from partial oxidation. However, except CO 2 and water, no other by-products were detected in the presence of Mn 3 O 4 , indicating that Mn 3 O 4 is effective to reduce CO emission.
The catalytic oxidation of CO and C 3 H 6 over Mn 3 O 4 was suggested to likely follow the MvK mechanism which involves reversible reduction/reoxidation steps of the lattice oxygen atoms. As reported in the above-mentioned text, trapped oxygen was apparently released with the increase of the temperature and Mn 3 O 4 tends to be reduced through the subsurface oxidation of CO or C 3 H 6 with the lattice or surface oxygen. Subsequently, the reduced metal oxide site is reoxidized by the atmospheric O 2 . According to the redox results [43] , Mn 3 O 4 was easier to be reoxidized than to be reduced, demonstrating that the reduction step could play a crucial role in the kinetics of the catalytic oxidation process. The abundance of adsorbed oxygen, revealed in the XPS results in addition to the excellent redox behavior [43] , can play a key role in the oxidation process.
Copper oxide
Copper oxide is a promising semiconductor material which is widely exploited for a broad field of applications. As CuO is nontoxic and its constituents are abundantly available, the synthesis of CuO is considered as an important research topic for catalytic processes. Copper oxide is unique as it has square planar coordination of copper by oxygen in the monoclinic structure. TMOs, such as Co 3 O 4 and Mn 3 O 4 , are effective catalysts for the oxidative destruction of VOCs [24] . However, not much is known concerning the abatement of CO and VOCs with CuO [71] [72] [73] . The selective oxidation of propene with O 2 to propylene oxide and acrolein has been study by Hua et al. [74] and the results indicate that Cu 2 O nanocrystals control the catalytic selectivity as well as the activity in propylene oxidation with O 2 . In addition, the authors also reveal the underlying structure-activity relationships of this complex heterogeneous catalytic reaction at the molecular level and identify the catalytically active sites. Most recently, Tian et al. [44] and Pan et al. [45] have studied the low-temperature complete oxidation of VOCs of olefins type such as C 2 H 2 and C 3 H 6 over CuO x . They have demonstrated that CuO and Cu 2 O are active and promising catalyst for the abatement of VOCs.
The catalytic performance of the CuO was evaluated for the complete oxidation of C 3 H 6 by Tian et al. [44] . The background effect of the mesh on the combustion process was examined by carrying out the oxidation of C 3 H 6 on NCM under the same gas inlet conditions. Figure 6 compares the conversion temperature of C 3 H 6 production over CuO films and NCM. The conversion plots show clearly that CuO favors the total oxidation C 3 H 6 (Figure 6a ) at lower temperatures relative to NCM. In the presence of CuO, the consumption of C 3 H 6 was observable at about 190°C and complete conversion was reached within 310°C, while these two values shift toward higher temperatures for the reaction on NCM. No trace of CO was detected in the oxidation process with CuO (Figure 6b ). However, a significant amount of CO was formed in the reaction without catalyst, which was assigned to come from the partial oxidation reaction. In the two cases, CO 2 was observed to be the final product. The temperatures T10, T50, and T90, corresponding to the 10, 50 and 90% C 3 H 6 conversion during the temperature-programmed reaction, were selected to compare the catalytic performance of the deposited CuO as well as some representative catalysts available in the literature (see Table 2 in Section 2.1.6) toward C 3 H 6 oxidation. Figure 6 . Light-off curves for C 3 H 6 oxidation: conversion of C 3 H 6 (a); associated CO production (b) and CO 2 production (c) with CuO-coated and NCM. The reaction was carried at the total flow rate was kept at 15 ml min . Reproduced with permission from [44] . Copyright 2013, Elsevier.
Cu 2 O was also tested by Pan et al. [45] as catalyst for the deep oxidation C 2 H 2 and C 3 H 6 . The catalytic tests were carried out three times for the same sample and the results were quite close, demonstrating that the prepared Cu 2 O has good reusability with reproduced results. Figure 7A compares the temperature-dependent conversion ratio of C 2 H 2 and C 3 H 6 with Cu 2 O-coated mesh and NCM. Compared to the NCM condition, the complete oxidation of C 2 H 2 decreased from 450 to 300°C and for C 3 H 6 decreased from 675 to 425°C over Cu 2 O. It should be mentioned that during the oxidation of C 2 H 2 and C 3 H 6 over Cu 2 O-coated mesh, CO was not detected. However, CO was detected abundantly over NCM. Compared to oth- for C 3 H 6 ) [43] , the reaction with Cu 2 O also shows lower E a . Thus, the relatively low E a was suggested to contribute in the acceleration of the oxidation processes and enhances the catalytic performance for the oxidation of C 2 H 2 and C 3 H 6 . As redox mechanism is generally accepted to be the dominant mechanism in the oxidation of low-rank hydrocarbons over TMOs, both authors also suggested CuO and Cu 2 O follow a redox process. According to Pan et al. [45] , Cu 2 O is suggested to react first with oxygen, giving rise to CuO. Second, the reaction of C 2 H 2 and C 3 H 6 with the trapped or lattice oxygen occurs, leading to CuO reduction and release of oxygen to form Cu 2 O. 
Chromium oxide
Chromium oxide (Cr 2 O 3 ) has been broadly and successfully used for numerous applications such as wear resistance, corrosion protection, optics and electronics due to its high melting point, heat resistance, mechanical strength, chemical inertness, optical characteristics, high hardness and low friction coefficient [75] [76] [77] [78] [79] . It has been proved to be active when used as catalyst for the destruction of halogenated compounds. In addition to its good thermal stability, Cr 2 O 3 exhibited attractive performance in the low-temperature abatement of VOCs. Recently, Liang et al. [46] reported the synthesis of Cr 2 O 3 by PSE-CVD for the total oxidation of propene. Figure 8 compares the temperature-dependent conversion of C 3 H 6 to CO 2 as the final product and the associated CO production over Cr 2 O 3 films and NCM. The conversion plots show clearly that Cr 2 O 3 enables the oxidation of C 3 H 6 at lower temperatures relative to the NCM. In the presence of Cr 2 O 3 , the consumption of C 3 H 6 becomes observable at about 400°C and complete conversion occurs around 550°C, while these temperatures were observed to shift, respectively, to 600 and 775°C for the reaction on NCM. Compared to the T 50 (Figure 8b) were formed in the reaction without catalyst, which could originate from the partial oxidation reaction. . Reproduced with permission from [46] . Copyright 2015, Wiley-VCH.
Diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS) was used to study the possible catalytic reaction mechanism of Cr 2 O 3 . A feed of argon gas containing 1% of C 3 H 6 and 10% of O 2 was introduced into the reactor which was equipped with a small piece of stainless steel grid mesh as the catalyst support. The IR spectra at different temperatures are presented in Figure 9 . Surface adsorption species with IR bands at 729 and 913 cm -1 are clearly observed at temperature lower than 100°C, which were assigned to adsorption of C 3 H 6 on the deposited film. These bands were still detectable below 300°C. When the temperature increases to 500°C, the coordinated C 3 H 6 vanishes gradually and CO 2 was detected. The temperature for the complete conversion of C 3 H 6 to CO 2 was around 500°C, in good agreement with the catalytic tests. Figure 9 . In-situ DRIFTS spectra of Cr 2 O 3 during C 3 H 6 adsorption at different temperatures. Reproduced with permission from [46] . Copyright 2015, Wiley-VCH. Table 2 summarizes and compares the catalytic performance of the PSE-CVD made single TMOs with that of the selected catalysts in the literature. Even though the experimental condition was not exactly the same, regarding the weight of the catalyst and the WHSV, our catalysts present comparable activity to the systems presented in the table. Special attention is paid to the comparison of the catalytic performance with noble metals and transition metal oxides. As it can be seen from 
Comparison of the catalytic performances of single TMOs with literature
Catalytic oxidation of VOCs over mixed Co-Mn oxides made by PSE-CVD
Tian et al. have studied the catalytic oxidation of VOCs over spinels Co 3-x Mn x O 4 (0 ≤ x ≤ 0.34) binary oxides obtained by PSE-CVD. The grown Co-Mn binary oxides were tested toward the total oxidation of C 2 H 2 and C 3 H 6 as illustrative examples [24] . The TPR/TPO results and the light-off curves of the samples are presented in Figures 10 and 11 and summarized in Table 3 . Figure 10A compares the temperature-dependent conversion of C 2 H 2 and C 3 H 6 over Co 3-
x Mn x O 4 films and NCM. The detailed outlet profiles of the fuels and products are given in Figure 11 . The temperatures T 50 , T 90 , T 50, and T 90 of CO 2 , corresponding to the temperatures of CO 2 production, were selected as parameters to indicate the catalytic activity of the deposited samples toward the deep oxidation of hydrocarbons, as shown in Ea is the apparent activation energy for the hydrocarbon activation at atmospheric pressure. O 4 , which reveals that the catalyst with small amount of manganese content shows the highest activity (see Figure 10 and Table 3 ). Tian et al. [48] [81] who reported that the manganese insertion into the cobalt oxide spinel could enhance the catalytic activity of the oxidation of light olefins. Considering the higher activity, Mn-doped spinel of cobalt oxide could be a potential system for catalytic oxidation of hydrocarbons. As presented in Table 3 , the values of T 50 and T 90 of hydrocarbons conversion and those of CO 2 selectivity were found to be almost identical for Co 3 O 4 . However, differences were observed relative to NCM especially in the oxidation of C 3 H 6 , illustrating an occurrence of partial oxidation by generating products other than CO 2 (see Figure 11f) Table 3 ). In general, the manganese-doped cobalt oxide exhibits lower Ea. Compared to those activation energies obtained in the oxidation of C 2 H 2 and C 3 H 6 over Co 3 O 4 -coated monolith with a large flow rate (500 sccm) [48] , the values obtained on Co 3 O 4 -coated mesh were about 10 and 30 kJ mol -1 larger, the difference of which may come from the comprehensive effect of the support and inlet condition. Zhang et al. [82] and Aguilera et al. [83] also reported that the modification of Co 3 O 4 by MnO x could promote the preferential oxidation of CO, toluene and alcohols at lower temperatures. The catalytic oxidation of the two hydrocarbons employing Co-Mn oxides systems consists of two irreversible steps, namely the reaction of the hydrocarbon with the lattice or trapped oxygen leading to its reduction and release of oxygen from the surface of the metal oxide and the reoxidation of the partly reduced metal oxide site by means of oxygen in a subsequent step. The TPO analysis indicates that the manganese introduction does not really influence the bulk reoxidation behavior of Co-Mn oxides [24] . Considering the TPR ( Figure 10B ) and catalytic results which reveal that Co 3 O 4 has higher reducibility but lower activity than Co 2.66 Mn 0.34 O 4 , the formation of oxygen vacant site plays a key role in the redox mechanism, the importance of which was pointed out previously by Noller and Vinek [84] . According to the enhancement of the thermal stability, the amount of oxygen vacancy was increased upon manganese incorporation, which accelerates the oxidation process. Furthermore, the catalytic activity could also benefit from the substitution of cobalt with manganese that was more active and from the cooperative effect among metallic species by increasing the oxide reduction sites.
PSE-CVD made cobalt ferrite for low-temperature oxidation of CO and VOCs
Thin films of cobalt ferrite binary oxides (with the general formula Co 3- [27] The effect of iron substitution by cobalt in the structure on the optical and redox properties was investigated. The catalytic performance of the Co-Fe oxides was discussed with respect to the participation of surface and lattice oxygen in the oxidation process. According to XPS and temperature-programmed reduction/oxidation (TPR/ TPO) results, a suprafacial mechanism was the dominant mechanism for CO oxidation to CO 2 , while C 3 H 6 , n-C 4 H 8 and C 2 H 6 O were oxidized through an intrafacial process (MvK mechanism). . Reproduced with permission from [25] . Copyright 2014, the Royal Society of Chemistry.
CO oxidation was performed at atmospheric pressure over all samples. The results were compared with those obtained with pure α-Fe 2 O 3 [55] and a blank sample of NCM, as shown in Figure 12D . Single α-Fe 2 O 3 becomes active in CO oxidation at around 230°C and achieves complete CO conversion to CO 2 Figure 12 [25] .
The TPR and TPO result shows that Co-Fe-O samples were reduced at higher temperature, increasing the Co content ( Figure 12A) (Figure 12A) . The redox mechanism hypothesis was strongly supported by the fact that CO oxidation of Co 2.1 Fe 0.9 O 4 was initiated at ∼200°C while the reduction started at ∼280°C (Figure 12A, D) . Since the formation of carbonates on the cobalt surface has been suggested by Thormählen et al. to play an important role in the low-temperature oxidation of CO [85] , the earlier initiation of the reaction at low temperature was therefore assigned to the surface-adsorbed oxygen revealed by XPS analysis (Figure 12B) . It was thus proposed that CO oxidation over Co-Fe-O follows a suprafacial mechanism where CO molecules react with adsorbed oxygen, mainly as Co 3 2-and OH -, giving rise to form CO 2 .
In order to study further the catalytic activity of cobalt ferrite thin films, Tian et al. have investigated the catalytic performance of cobalt ferrite (Co 2.1 Fe 0.9 O 4 ) with respect to the total oxidation of propene, n-butene and DME at atmospheric pressure referring to NCM [27] . The catalytic effect of the mesh has been excluded by the observation that there is no significant difference between the oxidation over NCM and in a blank system (Figure 13) . The results show that the cobalt ferrite films favor the complete conversion of the reactants at much lower temperatures relative to NCM. Besides the reactant gas, CO 2 was detected as the unique product in the oxidation processes over cobalt ferrite, while additional CO was observed in the reaction on NCM. T 50 and T 90 , corresponding to respective 50 and 90% conversion of the reactant gas, were used as parameters to compare the performance of the deposited samples. With cobalt ferrite, T 50 and T 90 of propene oxidation were 348 and 382°C. These values shifted to 578 and 691°C for the experiment carried out with NCM (see Figure 13a, b) , respectively. Compared to the reaction over Co 3 O 4 with Ea of 158.32 kJ/mol [24] , the introduction of iron tends to initiate the oxidation of propene with lower Ea, which makes the cobalt ferrite more suitable for the catalytic applications. Figure 13c and d compares the results of n-C 4 H 8 oxidation with and without cobalt ferrite. T 50 and T 90 of n-C 4 H 8 oxidation over cobalt ferrite were observed at 358 and 402°C, whereas these values shifted by respective 100 and 135°C toward higher temperatures over NCM. It has been reported that a small quantity of 1,3-butadiene was selectively formed in the oxidation of n-C 4 H 8 at temperature higher than 350°C over MnMoO 4 -based catalysts [86] . It should be noted that 1,3-butadiene was not detected in the reaction with the PSE-CVD made Co 2.1 Fe 0.9 O 4 indicating that the material presents higher catalytic activity. Figure 13 . Outlet profiles of C 3 H 6 , n-C 4 H 8 and DME oxidation over cobalt ferrite-coated and non-coated meshes. The reaction was carried at the total flow rate was kept at 15 ml min . Reproduced with permission from [27] . Copyright 2015, Elsevier.
For DME, cobalt ferrite also exhibits much better performance than NCM, as revealed in Figure 13e and f. T 50 and T 90 of the reaction over cobalt ferrite are 356 and 409°C. These values were observed to be 613 and 682°C for the reaction on NCM, respectively. According to Liu et al. [87] , the reaction network for DME conversion contains four pathways giving rise to CH 3 OH, HCHO, HCOOCH 3 and CO x . Low selectivity of CH 3 OH and HCOOCH 3 was reported [87] . HCHO was not detected, which could be resulted either from the low concentration or fast conversion to CO x .
The good catalytic performance of cobalt ferrite could be correlated with the O adsorbed on the surface and attractive redox properties (Figure 12A, B) . It is widely accepted that the catalytic performance of ferrite-type catalysts depends on its oxygen mobility since the reaction follows MvK mechanism [88] . The abundance of O Adsorbed could participate in the catalytic oxidation process, as proposed by Veleva and Trifirò [86] . The good reducibility and reoxidability tend to enable the catalytic reactions at relatively low temperatures by involving various cations distributed in the octahedral and tetrahedral sites. Moreover, the slightly low band gap energy of cobalt ferrite could also indicate that the migration of O lattice or O 2- from the bulk to the surface becomes easier and leads to good reducibility [25] .
Because cobalt ferrite binary oxide with high Co concentration (Co 2.1 Fe 0.9 O 4 ) showed very interesting catalytic performance against the deep oxidation of C 3 H 6 , n-C 4 H 8 and DME, Kouotou et al. [26] explored the catalytic activity of the same material, but with low Co concentration (CoFe 2 O 4 ). Authors aimed to compare the performances of CoFe 2 O 4 (low cobalt content) versus Co 2.1 Fe 0.9 O 4 (high cobalt content) from recent investigation toward catalytic oxidation of CO, DME, C 3 H 6 and n-C 4 H 8 . The role of Co or Fe atom in the matrix of cobalt ferrite mixed oxide and adsorbed/lattice oxygen at the surface of the deposited material in the catalytic reaction was identified. The light-off curves of CO, C 3 H 6 , n-C 4 H 8 and DME oxidation over CoFe 2 O 4 are shown in Figure 14 . The results indicate that CoFe 2 O 4 is a very active catalyst for the total oxidation of CO, C 3 H 6 , n-C 4 H 8 and DME at atmospheric pressure. Total destruction of such pollutants at low temperature enables the production of CO 2 as the only detectable Ccontaining product. In the presence of CoFe 2 O 4 , the oxidation becomes detectable at around 150, 200, 230 and 270°C for CO, C 3 H 6 , n-C 4 H 8 and DME, respectively and complete conversion occurs at 253°C for CO, 336°C for C 3 H 6 and n-C 4 H 8 and 502°C for DME. Figure 14 . Light-off curves of CO, C 3 H 6 , n-C 4 H 8 and DME oxidation over the PSE-CVD made CoFe 2 O 4 sample. Reproduced with permission from [26] . Copyright 2015, Wiley-VCH.
For the CO oxidation, the comparison of the temperature at 90% conversion (T 90 [25] , it was therefore evident that the process is independent on the Co population in the cobalt ferrite oxide, but on the lattice and adsorbed oxygen, mainly adsorbed oxygen at the surface of the material.
The oxidation of C 3 H 6 and n-C 4 H 8 on CoFe 2 O 4 starts at temperatures lower than that of DME and the trend for the rate of oxidation is C 3 H 6 ≈ n-C 4 H 8 > DME [26] . In the presence of CoFe 2 O 4 nanoparticles, the oxidation becomes detectable at around 250°C for C 3 H 6 and n-C 4 H 8 and 285°C for DME and the T 90 is 334, 371 and 470°C for C 3 H 6 , n-C 4 H 8 and DME, respectively. The temperature at the complete oxidation was 475°C for C 3 H 6 , 485°C for n-C 4 H 8 and 506°C for DME. These values appear to be higher than those for Co 2.1 Fe 0.9 O 4 catalysts, where complete oxidation was observed at 400, 425 and 446°C for C 3 H 6 , n-C 4 H 6 and DME, respectively [27] . However, they were lower than those observed for C 3 H 6 on Au/Al 2 O 3 [80] and La 1.7 Sr 0.3 CuO 4 S 0.2 [90] . The activity in n-C 4 H 8 oxidation was comparable to the measurement on Co 3 O 4 [48] . In general, for the oxidation reactions over CoFe 2 O 4 at low temperatures, no toxic or partial oxidation products are formed when complete conversion of VOCs is achieved. For DME oxidation, it has been established that the reaction network consists of four pathways giving rise to CH 3 OH, HCHO, HCOOCH 3 and COx [87] . Kouotou et al. [26] detected only CO 2 , indicating the higher activity of CoFe 2 O 4 catalyst for total oxidation of DME at low temperature.
PSE-CVD made CuCo 2 O 4 for low-temperature catalytic combustion of CO and VOCs
To investigate the potential application of the grown Co-Cu oxides, Tian et al. [28] investigated the catalytic performance of the prepared samples with respect to the total oxidation of CO and C 3 H 6 . The authors carried out the same tests on bare meshes to exclude the background effect of the mesh structures on the oxidation processes. Figure 15 compares the light-off curves of CO and C 3 H 6 by using Co 3 O 4 and Co-Cu oxide referring to the bare mesh. With Co 3 O 4 , the conversion of CO occurs at 270°C and complete conversion was achieved at 362°C. For Co-Cu oxide, these values shift to 125 and 221°C, respectively. CO oxidation over bare mesh was observed to begin at around 395°C and finish at 833°C. Under similar conditions, CO oxidation on other TMOs such as Mn 3 O 4 was reported to happen at 190°C and complete at 343°C [43] . for the CO oxidation with Co 3 O 4 , Co-Cu oxide and bare mesh, respectively. As shown in Figure 15b , both Co-Cu oxide and Co 3 O 4 improve the catalytic oxidation of C 3 H 6 compared to the bare mesh. In the presence of Co-Cu oxide, the propene conversion becomes detectable at 220°C. This value was 30 and 120°C lower than that with Co 3 O 4 and bare mesh, respectively. With Co-Cu oxide and Co 3 O 4 , complete conversion of C 3 H 6 was reached within 412 and 454°C, while this value was observed to be 772°C for the reaction on NCM. It should be mentioned that CO 2 is the unique measurable product and no trace of CO was detected in the oxidation process with the prepared CuCo 2 O 4 and Co 3 O 4 , as depicted in Figure 16 . This result agrees well that the conclusion drawn in our recent work that the active transition metal oxides prevent the formation of CO in the oxidation of lowrank hydrocarbons. In the reaction on bare mesh, a large amount of CO peaking at 758°C was produced, which comes from partial oxidation. . Reproduced with permission from [28] . Copyright 2014, the Royal Society of Chemistry. ). The MvK mechanism has been established for CO and propene oxidation over CuO [44] , Co-Mn oxides and Co-Fe oxides [25] [26] [27] . The same redox behavior could exist in the reaction with Co-Cu oxides. Table 4 compares the catalytic performance of the PSE-CVD made mixed TMOs with that of the selected catalysts in the literature. It can be noted that our catalysts present comparable activity to the other systems. Special attention is paid to the comparison of the catalytic performance with noble metals and transition metal oxides. As can be seen from Table 4 , noble metals and TMOs (mixed) present attractive results in terms of CO, propene, n-butene and DME total oxidation. Refs. 
Comparison of the catalytic performances of binary TMOs with literature
Mixed TMOs
Remarks and perspectives
This review highlights the newly developed CVD approach called PSE-CVD for single and binary TMOs thin films coating and their performances in the catalytic oxidation of CO and VOCs. The advances in the synthesis and properties of single and binary oxides thin films have shown potential applications in several catalytic processes. In this review, we first presented different single oxides fabricated by using a more elaborated CVD method. In particular, the complete oxidation of CO and VOCs over 4 catalysts, the binary oxide catalysts are generally composed of one or more catalytically active components and a functional support, in which the interaction between the catalytic components and the supports can provide improved redox properties and enhanced catalytic behavior [92] [93] [94] . As for single oxide catalysts, the active component alone can catalyze the various reactions at a certain kinetic rate, which is usually relatively low. The synergistic effect between binary oxide catalysts leads to the improved catalytic activity. Therefore, the combination of Co and individual metal of single oxide such as Fe 2 O 3 , Mn 3 O 4 and CuO enables the obtaining of binary oxide like Co-Mn-O, Co-Fe-O and Co-Cu-O with new chemical and cationic distribution benefits to the obtained catalytic performances summarized in this review. From the obtained results, it seems like combining two transition metals influence the interaction of active cobalt oxide with the second oxide, affecting the textural and structural properties of the binary oxides. In particular, the investigations of the interaction mechanisms as a function of the surface redox properties of the binary oxides are comprehensively summarized. The catalytic activity of the binary oxides in CO and VOC oxidation is compared and different reaction mechanisms occurring in CO and VOC oxidation are presented. Probably, the surface adsorbed oxygen species over the surface oxygen vacancies of the catalysts are mainly attributed to the CO oxidation activity at low temperatures. The total oxidations of VOCs over transition metal oxides are suggested to follow the MvK redox process.
Nevertheless, in the case of VOCs oxidation, the catalytic activity depends on the nature of catalysts and VOCs. While CO oxidation over single oxide seems to be mainly governed by the amount of available surface oxygen species, VOCs oxidation activity of PSE-CVD made single oxide in contrary is scarcely determined by the surface oxygen species. In the case of CO oxidation, PSE-CVD made single and binary oxides show relevant concentration of surface oxygen species which might be involved in the oxidation at low temperatures. Moreover, the higher activity of Co 3 O 4 and Co 0.9 Fe 2.1 O 4 binary oxides with respect to the Fe 2 O 3 or CuO with respect to CuCO 2 O 4 and other binary oxides is mainly attributed to their higher mobility of lattice oxygen species.
The investigation of the catalytic properties of single and binary TMOs made by PSE-CVD has provide valuable results in the literature, about the employ of a well-established nonconventional CVD approach for the selective synthesis of oxide made of Co, Cu, Fe, Cr and Mn and their performances toward low temptation conversion of CO, C 2 H 2 , C 3 H 6 , n-C 4 H 8 and C 2 H 6 O in harmless CO 2 and H 2 O. As perspectives, we think that the following aspects deserving further investigations are: (1) further research study of the interactions between different kinds of binary oxide catalytic systems and related corrections between their redox properties and catalytic activities; (2) investigation of the interactions among three or more component catalytic systems, such as noble metal doped or noble metal alloys doped Co-Mn, Co-Fe and Co-Cu binary oxides. It is expected that the novel structures matrix can offer new opportunities to expand our understanding of this kind of interaction as well as relationship between structure and property; (3) because of his lattice oxygen reservoir character when used as supporter, single Co 3 O 4 , CuO, Fe 2 O 3 crystals structure needs to be deposited on CeO 2 nanoparticles in order to control this kind of interaction between these two oxides and to enhance application potentials of these multifunctional materials. It is expected that such an integration of the current investigations on different systems will bring a more comprehensive understanding of the interactions during the catalytic process and therefore will be of great significance in searching for and find novel multi-oxide catalysts of further enhanced catalytic activity, selectivity as well as durability.
Summary
The catalysis science of non-precious metals has significantly improved recently, due to development of more elaborated synthesis approaches for their controlled synthesis and advanced characterization techniques that allow more fundamental insights into the reaction mechanisms. As summary of the present review on the low-temperature oxidation of CO and VOCs over selected non-precious metal such as TMOs catalytic materials either in their single and binary or mixed phases prepared using PSE-CVD, the following main results can be summarized:
1. The catalytic combustion has become the most popular method for the environmental emission control. Thus, catalytic oxidation of CO and VOCs is highly desirable to proceed at low temperature for the consideration of energy savings, low cost, operation safety and environmental friendliness.
2.
To reduce the temperature of VOCs catalytic oxidation, great efforts have been made to develop efficient and low cost catalysts via an elaborated synthesis method, namely pulsed spray evaporation chemical vapor deposition. The grid mesh of stainless steel as inert substrates was used instead of catalytically active support to enable the real evaluation of the catalytic performance of the as-deposited thin films layer toward CO and VOCs oxidation, offering the major advantage of low-pressure drop.
3. TMOs exhibited comparative activity versus noble metals toward the catalytic oxidation of VOCs at low temperature. The catalytic performance of TMOs was found to be generally affected by many factors such as the composition, the valence of metallic particles, doping, the film morphology and the particle size of the metals oxide.
4.
Single oxides systems composed of transition metals (Co, Cu, Cr, Fe and Mn) are efficient for the abatement of CO and VOCs. In addition, the effect of doping should be taken into consideration since they greatly improve the thermal properties and the catalytic performances of the as-prepared materials. For instance, the combination of two transition metals or the doping that is the introduction of another transition metal ion in the matrix of single oxides to form a mixed oxide catalysts such as Co-Mn, Co-Fe and Co-Cu oxides also contributes to stabilize the as-deposited catalysts, enable the total oxidation of VOCs and exhaust stream at low temperature.
5.
The favored mechanism for CO total oxidation over TMOs catalysts is the suprafacial mechanism, involving reaction between adsorbed molecules on metal sites, while the occurrence of intrafacial mechanism, also known as Mark-van Krevelen mechanism, has been demonstrated for the total oxidation of the representative VOCs (C 2 H 2 , C 3 H 6 , n-C 4 H 8 , C 2 H 6 O) over TMOs catalysts at low temperature. Therefore, it can be concluded that the validity of each mechanism strongly depends on the redox properties of the catalysts as well as the adsorbed species at the catalyst surface.
6. The comparison of the catalytic performance of PSE-CVD made TMOs with other catalysts reported in the literature indicated that TMOs present comparative activity with some noble metals and mixed oxides like perovskites. Such performances confirm that TMOs should be really considered as potential candidates for the replacement of limited available and high-cost precious metal catalysts.
7.
This review validates PSE-CVD as low cost and promising synthesis approach for the control synthesis of active single or mixed TMOs for low-temperature catalytic oxidation of CO and VOCs.
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